Background
Results
The DoseSim framework has built-in functionality for forward dosimetry, forward dosimetry with Monte Carlo (MC), and dose reconstruction simulations using a variety of statistical distributions. It is a user-friendly application with a graphical user interface (GUI) that employs familiar dialogs and widgets for parameter and simulation specification. The GUI also contains flexible methods for specifying the dosing or exposure regimen and the sets of biomarkers for dose reconstruction simulations. Post-processing of results is facilitated through integrated statistical analyses and interactive plotting. Finally, users are allowed to use, modify, and share the code in accordance with the GNU General Public License. Using the flexible DoseSim structure, the first application package, DoseSim:OP, was developed to analyze the ADME and pharmacodynamics of mixtures of organophosphorus insecticides.
Conclusions
DoseSim provides an extensible framework to conduct a wide variety of dosimetry studies. By incorporating relevant biological, biochemical, physiological, and anatomical information and data into the underlying model, the tool can provide the user with valuable insights into the ADME and effects of foreign chemicals on human health. We anticipate that chemical-specific application packages utilizing this framework, such as DoseSim:OP, will provide an important tool to inform studies related to drug disposition and safety and environmental chemical risk.
Background
The rational design of drugs and drug dosing regimens, and the risk and safety assessment for environmental toxicants, depend on an understanding of the pharmacokinetics and pharmacodynamics (PK/PD) of the chemicals of interest. A methodology that is increasingly used for PK/PD analyses is physiologicallybased pharmacokinetic (PBPK) modeling [1] . PBPK models integrate information across multiple time and spatial scales through the specification of biological, biochemical, and physiological information at the tissue, organism, and population levels [2] [3] [4] . These models can then be used to predict the ADME (absorption, distribution, metabolism, and excretion) and potential biological effects of chemicals to the exposed individual. Moreover, through the use of appropriate parameter values, these models have the ability to extrapolate across doses, routes of administration, and species [5] [6] [7] .
The prediction of ADME and biodistribution of the chemical and its metabolites given an applied dose or exposure is often known as forward dosimetry [8] . The reverse case, in which biomarker (e.g., the parent chemical and/or its metabolites) levels are used to estimate the applied dose or exposure, is often known as dose reconstruction [9] or reverse dosimetry [10] . This type of analysis often relies on the application of Bayesian inference, where the PBPK/PD model is used as part of the likelihood function and the results (posterior distributions) are obtained via Markov chain Monte Carlo methods [11] [12] [13] .
Despite the increasing use of forward dosimetry and dose reconstruction in risk and safety assessment [10] [11] [12] [14] [15] [16] , few tools are available to conduct both types of analyses in an integrated manner. Moreover, the tools that are available [17] [18] [19] [20] [21] are generally difficult to use by non-technical users and/or are proprietary.
To fill this gap, we developed the software framework DoseSim. The principal design objectives for this application were that it would (i) allow the user to perform forward dosimetry, forward dosimetry with Monte Carlo, and dose reconstruction analyses, (ii) be easy to use for non-technical people, (iii) facilitate simple analyses and viewing of results without the need for additional software packages, (iv) allow alternative chemical-specific models to be used in this general framework, and (v) be freely available to the scientific and regulatory communities.
In this paper, we describe the implementation, structure, and features of DoseSim and illustrate specific results for DoseSim:OP, a specific application package (DoseSim plus specialized PBPK/PD module) focused on the analysis of binary mixtures of organophosphorus (OP) pesticides and insecticides.
Implementation
DoseSim comprises a computational engine, a specific PBPK/PD model, and a GUI layer.
The computational engine behind the framework is MCSim [19] , a simulation package written in ANSIstandard C that facilitates the analysis of statistical or simulation models and performs Monte Carlo (MC) stochastic simulations and Bayesian inference through Markov chain Monte Carlo (MCMC) simulations. A number of changes were made to the publicly-distributed version of MCSim (v5.1.0) to make it compatible with the structure and aims of DoseSim. Significant changes were as follows: (i) the error handling was modified to reduce the probability of program crashes and to assure that exceptions were propagated through the GUI layer in DoseSim, (ii) several enhancements were made to the input parser to allow additional parameters to be included in the simulations, (iii) the build system and some associated files were modified to increase cross-platform compatibility, and (iv) the pseudo-random number generator (PRNG) was changed to use the Mersenne twister algorithm [22] , a PRNG with a much longer period and better statistical properties.
The underlying PBPK/PD models, generally consisting of systems of ordinary differential equations, were first written in the domain specific language of MCSim [23] and were then compiled to C and linked to relevant libraries using MCSim utilities [23] .
The DoseSim GUI and interface layer to MCSim were written in ISO/IEC2003 C++, making use of the wxWidgets library (v2.8.11) [24] . Statistical analyses of the simulation output were enabled using functions in the GNU Scientific Libraries [25] and plotting functionality was implemented using custom classes implemented using wxMathPlot [26] . The various property sheets for parameter input are stored as xml and are automatically updated to accommodate changes in the underlying model structure. Project files are serialized as xml that can be modified outside of the GUI if desired.
Results and Discussion

Program Functionality
In DoseSim, information is organized into Projects. Within a Project is one or more Experiments. Each Experiment comprises a simulation specification (the type of simulation along with particulars for each run) and a set of user-specified or default chemical, biochemical, physiological, and anatomical parameters. After the simulation and analyses are run, resulting outputs and various user-generated plots are added to the Experiment. Experiments may be cloned to serve as baselines for related studies and multiple Experiments can be navigated and viewed through the tree-like Resource Explorer.
Experiments are generally created, run, and analyzed using the following procedure: Consistent with the design objectives described earlier, DoseSim has built-in functionality for forward dosimetry and dose reconstruction simulations and can perform simulations using a variety of statistical distributions. It is a GUI-driven application, containing familiar dialogs, widgets, and spreadsheet-like grids for parameter and simulation specification. The interface contains flexible methods for specifying the dosing or exposure regimen and the sets of biomarkers for dose reconstruction simulations. Post-processing of results is facilitated through interactive plotting and convenient data export. Finally, users are allowed to use, modify, and share the code in accordance with the GNU General Public License (GPL).
Planned Future Development
Future development will focus in several areas: (i) creation of application packages (like DoseSim:OP based on an underlying PBPK/PD model from [27] ) focused on specific chemicals and chemical mixtures of interest,
(ii) enhancement and expansion of the documentation and example files, (iii) restructuring of the underlying computational engine to support parallel processing, and (iii) enabling Python [28] scripting for customized analysis and plotting capabilities.
Conclusion
The capability to predict the ADME and physiological effects of chemicals, and to characterize the biomarkers associated with chemical administration and exposure, are crucial in assessing the safety and efficacy of drugs and the toxicity of environmental toxicants. PBPK/PD modeling in the context of forward and reverse dosimetry is a promising methodology to address this need and integrate various forms of information across multiple scales of biological organization [29, 30] . Unfortunately, there is currently a lack of user-friendly, freely available applications that implement this methodology in a package that is accessible and useful to a broad range of users. 
